Abstract: Small GTP-hydrolyzing enzymes (GTPases) of the RhoA family play manifold roles in cell biology and are regulated by upstream guanine nucleotide exchange factors (GEFs). Herein, we focus on the GEFs of the Vav subfamily. Vav1 was originally described as a proto-oncogene of the hematopoietic lineage. The GEFs Vav2 and Vav3 are more broadly expressed in various tissues. In particular, the GEF Vav3 may play important roles in the developing nervous system during the differentiation of neural stem cells into the major lineages, namely neurons, oligodendrocytes and astrocytes. We discuss its putative regulatory roles for progenitor differentiation in the developing retina, polarization of neurons and formation of synapses, migration of oligodendrocyte progenitors and establishment of myelin sheaths. We propose that Vav3 mediates the response of various neural cell types to environmental cues.
Introduction
The development of the central nervous system (CNS) involves proliferation of neural stem and progenitor cells (NSPCs), migration and differentiation of neurons and glia, axon growth and guidance, synapse formation and finally myelination of axonal connections . These processes are associated with multiple cell shape changes that rely on the reorganization of the cytoskeleton. In this context, small GTPases of the RhoA family play essential regulatory roles (Rossman et al., 2005; Heasman and Ridley, 2008; Zhou and Zheng, 2013) . It has become increasingly clear that these GTPases are of pivotal importance for CNS development and also implicated in CNS diseases (da Silva and Dotti, 2002; Guan and Rao, 2003; Stankiewicz and Linseman, 2014) . This raises the question of how the activation of RhoA GTPases may be controlled by multiple extracellular cues that govern neurodevelopment. Herein, we discuss the Vav subfamily of guanine nucleotide exchange factors (GEFs) that are activated by upstream receptors via tyrosine phosphorylation and target downstream GTPases of the RhoA family (Bustelo, 2014) . Emerging evidence suggests an important role of Vav3 in CNS development and regeneration.
The Vav subfamily of GEFs
GEFs activate GTPases by catalyzing the exchange of GDP for GTP, thereby influencing gene transcription, cell proliferation, survival, migration and differentiation (Henning and Cleverley, 1999; Bos et al., 2007) . The first Vav subfamily member was identified as a novel human proto-oncogene with pronounced expression in the hematopoietic system (Katzav et al., 1989; Katzav, 2009) . Murine Vav2, the second member of this subfamily of GEFs, displays 63% homology to Vav1, but is more widely expressed in non-hematopoietic tissues (Schuebel et al., 1996) . Using a search strategy based on small stretches of the primary structure of Vav1 and Vav2, the third member of the Vav subfamily Vav3 was originally detected in expressed sequence tag (EST) libraries (Movilla and Bustelo, 1999; Bustelo, 2001) . Vav3 belongs to a family of 'diffuse B-cell lymphoma' (Dbl)-related (Eva and Aaronson, 1985) GEFs that constitute the largest family of direct activators of Rho GTPases including RhoA, RhoG, Rac1 and Cdc42 (Movilla and Bustelo, 1999; Aoki et al., 2005; Toumaniantz et al., 2010) . Three Vav genes, namely Vav1, Vav2 and Vav3, have been identified in mammals (Bustelo, 2001 (Bustelo, , 2014 . Vav genes share a conserved domain structure, starting at the amino-terminus with a calponin homology (CH) domain followed by an acidic region, a catalytic Dbl-homology (DH) domain involved in the guanine nucleotide exchange reaction, a pleckstrin-homology (PH)-, a zinc finger (ZF)-, a SH2-and two SH3-domains (Turner and Billadeau, 2002; Bustelo, 2014) . A functionally active form of the Vav proteins can be distinguished from a locked conformation. The activation is controlled by the phosphorylation of tyrosine residues in the acidic motif (Bustelo, 2001; Llorca et al., 2005; Barreira et al., 2014) . A complex interactome has been elucidated that places Vav proteins in a variety of signal transduction pathways (Figure 1 ), including IP3-dependent signaling, and signal transduction downstream of tyrosine kinase activation (Moores et al., 2000; Tybulewicz, 2005) . Vav1 is exclusively expressed in the hematopoietic system, where the Vav genes are involved in the regulation of differentiation and maturation of cells of the lymphoid and neutrophil lineage (Turner and Billadeau, 2002; Fujikawa et al., 2003; Gakidis et al., 2004; David et al., 2009; Katzav, 2009) . The oncogenic potential of Vav1 and Vav2 proteins is elicited by either N-terminal deletions or specific point mutations of the sequence and can be monitored in focus formation assays (Bustelo, 1996) . For instance, the Vav3 oncogene enhances the malignant potential of prostate cancer cells under conditions of hypoxia (Hirai et al., 2014) . Vav2 and Vav3 are also expressed in other organs including the nervous system, although their potential roles there are less well characterized. The manifold roles of RhoGEFs of the Dbl family including Vav genes in development and disease have recently been reviewed (Bustelo, 2014; Cook et al., 2014) .
Neural stem and glial precursor cells and their niches
Radial glia constitutes the principal stem cell of the developing CNS (Malatesta and Gotz, 2013) . Radial glia expands by symmetric division and generates neurons, oligodendrocytes and astrocytes in three consecutive waves by asymmetric division (Gotz and Huttner, 2005; Kriegstein and Alvarez-Buylla, 2009 ). Recently, a further population of stem cells has been identified called outer or basal radial glia that is thought to underlie the gyrification of the cortical surface in higher mammals (Florio and After binding of the ligand (e.g. PDGF, EGF) to its specific receptor tyrosine kinase (RTK; e.g. PDGFR, EGFR), the RTK dimerizes and becomes phosphorylated. Subsequently, the inactive Vav3 becomes phosphorylated at tyrosine in the acidic domain, which in turn leads to a conformational change. Thus, the active Vav3 can exert its GEF activity and activate the Rho GTPases RhoA, Rac1 and Cdc42. These GTPases are involved in many important cellular processes including cytoskeletal rearrangement, differentiation, synaptogenesis, migration and myelination. EGF, epidermal growth factor; EGFR, epidermal growth factor receptor; GEF, guanine nucleotide exchange factor; P, phosphate; PDGF, platelet-derived growth factor; PDGFR, platelet-derived growth factor receptor; RTK, receptor tyrosine kinase; Y, tyrosine Taverna et al., 2014) . The self-renewal and differentiation of neural stem/progenitor cells (NSPCs) is driven by a combination of intrinsic programs and extrinsic factors (Paridaen and Huttner, 2014) . NSPCs evolve in a privileged environment that is composed of blood vessels, support cells and distinct extracellular matrix (ECM) components, altogether designated as stem cell niche (Scadden, 2006; Kazanis and ffrench-Constant, 2011; Rojas-Rios and Gonzalez-Reyes, 2014; Faissner and Reinhard, 2015) . Our laboratory has focused on glycoproteins, proteoglycans and complex glycans of the neural stem cell niche in order to study the biological significance of the molecular microenvironment for stem cell maintenance and differentiation (Purushothaman et al., 2012; Theocharidis et al., 2014) . In this context, the glycoprotein tenascin-C of the ECM emerged as an important functional constituent of stem cell niches, including the brain Kazanis et al., 2007; Karus et al., 2011; Chiquet-Ehrismann et al., 2014) . Tenascin-C is a multifunctional molecule with complex regulatory patterns and functions in developing tissues and pathological processes, including cancer (Faissner, 1997; Joester and Faissner, 2001; Orend and Chiquet-Ehrismann, 2006; Midwood et al., 2011; Brosicke and Faissner, 2015; Giblin and Midwood, 2015; Reinhard et al., 2016) . In order to gain insight into the molecular mechanisms in the niche, we have performed a gene trap based screen of tenascin-C regulated genes in NSPCs. We could show that the expression of the GEF Vav3 is strongly suppressed by the glycoprotein. Therefore, we hypothesize that Vav3 may be involved in regulating NSPC maintenance or differentiation in response to niche factors (Moritz et al., 2008) .
Vav3 and Rho family GTPases in neural stem cells
The regulation of Vav3 by the niche environment of NSPCs appeared of interest to us, because increasing evidence points to biological functions of RhoA family GTPases in NSPC biology (Moritz et al., 2008) . For example, ablation of the small GTPase Cdc42 by homologous recombination yields a redistribution of the Par complex and adherens junctions, resulting in the transition of apical to basal progenitors and modifying proliferation and fate of radial glia stem cells (Cappello et al., 2006) . Along these lines, the deletion of the GTPase RhoA leads to migration deficits of Rhoa -/-neurons and the phenotype of cobblestone lissencephaly, due to malfunction of the radial glia migration scaffold in the mutant. Thus, RhoA is required for the functional integrity of the radial glia (Cappello et al., 2012) . Vav3 is an upstream regulator of the GTPases of the RhoA family and could therefore play a regulatory role in that context. Furthermore, Vav proteins are activated by tyrosine kinases such as the epidermal growth factorreceptor (EGFR) and the fibroblast growth factor 2 (FGF2)-receptor that play a key role in the regulation of NSPCs (Bustelo, 2001 (Bustelo, , 2014 Sirko et al., 2010) . Interestingly, expression of a truncated form of Vav3 in NIH 3T3-cells promotes the formation of binucleated cells, possibly as consequence of an altered cytokinetic machinery and asynchronous DNA synthesis (Movilla and Bustelo, 1999) . Along the same lines, enforced expression of Vav3 results in the emergence of multinucleated HeLa cells (Fujikawa et al., 2002) . Therefore, it appears conceivable that Vav3 may be implicated in the regulation of neural stem cell division. However, it should be kept in mind that the latter represent a different cell lineage.
Finally, Vav3 is part of the integrin adhesome, a complex interactome involved in the transduction of integrin-related signaling (Gakidis et al., 2004; Faccio et al., 2005; Zaidel-Bar et al., 2007) . Integrin-type receptors are important sensors of NSPCs to decipher their ECM environment and tenascin-C of the neural stem cell niche is an important and versatile integrin ligand (Hall et al., 2006; Porcheri et al., 2014; Tucker and Chiquet-Ehrismann, 2015) . For these reasons, we considered Vav3 as an interesting candidate to analyze its role as a mediator of niche influences on the NSPC compartment.
Vav3 in the stem cell compartment of the developing retina
In order to study the functions of Vav3 in developing tissues, we initially characterized a novel Vav3 knockout mouse model in collaboration with the laboratories of K. D. Fischer (Magdeburg, Germany) and M. Shibuya (Tokyo, Japan) (Luft et al., 2015) . Other laboratories had already shown that the ablation of Vav3 by homologous recombination results in a viable mouse line. These Vav3 -/-mice, however, display hypertension and cardiac hypertrophy, supposedly due to overstimulation of the sympathetic nervous system (Sauzeau et al., 2006 . We studied the roles of Vav3 in the developing retina, because it is a powerful model system to investigate molecular events regulating the proliferation and differentiation behavior of retinal progenitor cells (RPCs), as well as mechanisms of axon growth and guidance. In addition, less information is available concerning the functional importance of GEFs in retinal development. The retinal GEFs P-Rex2, BRAG2 and BRAG3 may be involved in synaptic plasticity and retinal GEFs control rhodopsin trafficking to the primary cilia (Sakagami et al., 2013; Wang and Deretic, 2014) .
The birth of the seven main classes of cell types in the mouse retina is well characterized. Beginning with embryonic day 10 (E10), multipotent RPCs generate sequentially retinal ganglion cells (RGCs), cones, amacrine and horizontal cells, rods, bipolar cells and Müller glia in successive and overlapping waves (Dyer and Cepko, 2001; Agathocleous and Harris, 2009 ). Both intrinsic and extrinsic factors determine the development of RPCs, including transcription factors, growth factors and the ECM (Hatakeyama and Kageyama, 2004; Agathocleous and Harris, 2009; Reinhard et al., 2015) . Beyond these aspects, both small GTPases and Vav genes are expressed in the developing retina (Mitchell et al., 2007; Fujikawa et al., 2010) . Also, we could show that the glycoprotein tenascin-C regulates the proliferation of early born neurons and supports the FGF2-induced proliferation and de-differentiation of Müller glia stem cells in the retina (Besser et al., 2012) . In the light of these observations, we carefully monitored the development of the distinct lineages of the retina in our Vav3 -/-model. We detected an overproduction of Tbr2-positive RGCs, Otx2-positive cone progenitors and an enhanced expression of the late progenitor marker Sox9 in the Vav3 -/-retina, while neither cell death nor proliferation rates were changed (Luft et al., 2015) (Figure 2 ). These modifications were compensated at later postnatal stages. In conclusion, we highlight a novel GEF function for the differentiation of progenitor cells in the mammalian retina.
Despite the transient neurodevelopmental effect, Vav2/3 -/-mice develop postnatal spontaneous glaucoma paralleled by a degeneration of RGCs (Fujikawa et al., 2010) . Although Vav3 deficiency per se caused no ocular phenotype, Vav2/3 -/-mice displayed a more accentuated pathophysiology than Vav2 -/-mice, indicating an additive effect. As Vav1 is exclusively expressed in the hematopoietic system, Vav2 is a plausible candidate for the compensation of Vav3 function in the retina (Katzav, 2009 ). In the immune system, the elimination of all Vav genes results in the deficit of functional T or B cells and a compromised immune response (Fujikawa et al., 2003) . While Vav1 appeared sufficient for normal lymphocyte development, the study revealed lineage-specific roles for Vav2 and Vav3 and proposed limits of functional redundancy between the members of the Vav subfamily (Turner and Billadeau, 2002; Fujikawa et al., 2003; Tybulewicz, 2005; Pearce et al., 2007) .
Small GTPases and Vav genes in synapse formation
We have revealed that Vav genes are regulated in and functionally relevant for the retinal stem cell compartment. In the light of our observations, we proceeded to the investigation of stem cell progeny, beginning with the neurons. Correctly formed neuronal networks are instrumental for proper function of the nervous system. There is increasing evidence that the ECM including tenascin-C is implicated +/+ control mice at E13. Retinal sections were counterstained using the postmitotic marker βIII-tubulin (green). (C) and (D) Also, the identification of Otx2 immunopositive cone progenitors (red) in the outer nuclear layer of whole mount retinae displays an overproduction in Vav3-deficient mice compared to the Vav3 +/+ at E15. TO-PRO-3 (blue) was used for nuclear counterstaining. The overproduction of different cell lineages has been previously reported (Luft et al., 2015) . With ongoing postnatal development, the cellular lineage modification is compensated. In sum, these findings indicate a novel function for a GEF in retinal differentiation. Scale bars: 50 μm (B), 20 μm (D); E, embryonic day; L, lens; ON, optic nerve; Otx2, orthodenticle homeobox 2; R, retina; RGC, retinal ganglion cell; Tbr2, t-box brain protein 2; TO-PRO-3, TO-PRO-3 iodide fluorescent dye; Vav3, vav guanine nucleotide exchange factor 3; Vav3 +/+ , Vav3 wild-type mice; Vav3
in synapse formation and plasticity (Dityatev et al., 2010; Faissner et al., 2010; Heikkinen et al., 2014; Dzyubenko et al., 2016a) . Small GTPases, GEFs and their regulatory molecules are required for proper axon growth, wiring of neuronal connections and synapse formation (Waites et al., 2005; Yamada and Nelson, 2007; Williams et al., 2010; Tolias et al., 2011) . The pivotal importance of the small GTPases is also illustrated by human pathology, as mutations in corresponding genes involved in their function lead to syndromes of mental retardation (Hamdan et al., 2009; Nadif Kasri et al., 2009; Nakano-Kobayashi et al., 2009; Giannandrea et al., 2010) . Along these lines, it could be shown that mutations of the VAV3 gene seem to be associated with a genetic risk for schizophrenia (Aleksic et al., 2013) . Dendritic spines represent important postsynaptic, receptive structures for neuronal synapses and are involved in synaptic plasticity and memory formation, as well as in mental retardation syndromes (Nadif Kasri et al., 2009; Boda et al., 2010) . Spine formation relies on activation of Cdc42 and Rac1, which are controlled by Vav proteins (Hale et al., 2011) . The GTPases Rap1B and Cdc42 sequentially determine the polarity of hippocampal neurons (Schwamborn and Puschel, 2004) . The membrane protein CD47 supports neuronal development through Srcand FRG/Vav2-mediated activation of Rac and Cdc42 (Murata et al., 2006) . Vav subfamily proteins are also involved in axon guidance, by linking Eph-kinase activation to endocytosis and play an essential role in BDNF-induced spine growth and synaptic plasticity (Cowan et al., 2005; Hale et al., 2011) . Furthermore, the small GTPase RhoA is a downstream target of the Vav3 protein and plays a crucial role in the regulation of growth cone collapse (Wu et al., 2005) . Interestingly, an important role of Vav3 protein for Purkinje cell dendrites has also been reported during cerebellar development. There, the GEF is important for dendrite branching, but not dendritogenesis. Mice deficient for Vav3 suffer from gaiting deficiencies and a significant impairment of motor coordination in the postnatal period, indicating that Vav3 is required for a timely development of the cerebellum. Interestingly, this phenotype is not observed in Vav2 -/-mice, emphasizing that both GEFs serve distinct functions in cerebellar differentiation (Quevedo et al., 2010) .
The neuron-astrocyte co-culture model to study embryonic hippocampal neuron differentiation
In order to advance our understanding of Vav gene functions in neuronal development, we have developed a model system of embryonic hippocampal neurons in coculture with primary astrocytes in vitro that allows for the study of synapse formation over a period of 4 weeks in completely defined medium (Pyka et al., 2011a; Dzyubenko et al., 2016b; Gottschling et al., 2016a) (Figure 3A-C) . The physiological relevance of the model is illustrated by the emergence of electrophysiological network activity within 7 days in vitro (Geissler and Faissner, 2012) . In this model, both treatment with ChABC and the Rho-kinase inhibitor Y-27632 enhanced synapse number (Pyka et al., 2011b) . Elaborating on this approach, we could recently establish that the model is suited to study the effects of psychopharmacological agents and G-protein coupled receptors on synapse formation. Thus we found that the first generation antipsychotic haloperidol depressed while the second generation antipsychotic olanzapine increased synapse number and activity (Gottschling et al., 2016b) . With regard to G-protein coupled receptors, the ligand lysophosphatidic acid of the G-protein coupled lysophosphatidic acid receptors augmented the number of synapses in our model (Pyka et al., 2011a) .
We also succeeded to adapt the culture model to the use of genetically modified mutant mouse lines (Geissler et al., 2013) . Embryonic hippocampal neurons derived from wildtype mouse neurons eventually differentiate in our model and polarize into axons and dendrites that can clearly be distinguished by specific markers such as the microtubule-associated proteins MAP2 and Tau ( Figure 3D ). Synapses arise after about 2 weeks in cultures and can be visualized immunocytochemically using specific synaptic markers ( Figure 3E and E′). Applying the vesicular γ-aminobutyrate transporter as presynaptic and the scaffolding protein gephyrin as postsynaptic marker, we could distinguish inhibitory from excitatory synapses that were visualized with the presynaptic marker vesicular glutamate transporter VGLUT1 and the postsynaptic scaffolding protein PSD95 (Dzyubenko et al., 2016b) . The application of stimulated emission-depletion (STED)-microscopy demonstrated, that the number of scaffolding protein clusters was higher in accomplished synapses than in postsynaptic puncta not in register with presynaptic afferents (Dzyubenko et al., 2016b) . Thus, we have established a model that allows for the investigation of synapse formation at high resolution.
Oligodendrocyte precursor cells and their migration
Following neurogenesis, oligodendrocyte precursor cells (OPCs) are born in distinct progenitor domains of the neural tube along the neuraxis and migrate long distances toward the territories of myelination (Bergles and Richardson, 2016; Tsai et al., 2016) . OPCs can be cultivated in vitro and distinct developmental stages are distinguished by the use of stage-specific markers (Zhang, 2001) . Changes in oligodendrocyte morphology are regulated by Rho family GTPases, of which RhoA, Rac1 and Cdc42 have been most extensively studied (Hall, 1998) . In this context, the overexpression of dominant-negative or constitutively active GTPases revealed that blockade of RhoA and activation of Rac1 and Cdc42 increase oligodendrocyte differentiation, as revealed morphologically by process extension (Liang et al., 2004) . Activation of the non-receptor tyrosine kinase Fyn and its downstream target p190RhoGAP also induces process outgrowth, consistent with transfection experiments using dominant-negative RhoA expression constructs (Liang et al., 2004) . Interactions with the ECM activate Fyn and both the ECM and integrins impact on the differentiation of oligodendrocytes, for example by modifying growth factor responsiveness Colognato et al., 2002; Theocharidis et al., 2014) . As we observed that oligodendrocyte proliferation and migration are altered in the tenascin-C knockout mutant, we developed an in vitro approach to investigate tenascin-C protein effects on the cell biology of OPCs (Garcion et al., 2001 ). We could show that the RhoA-type GTPases are expressed by oligodendrocytes in culture, where tenascin-C interfered with lineage progression of OPCs towards the myelin basic protein (MBP)-expressing state. In contrast, the related ECM protein tenascin-R that is expressed by maturing oligodendrocytes promoted the maturation of OPCs (Garwood et al., 2004; Czopka et al., 2009 Czopka et al., , 2010 . Both proteins selectively inhibited the activation of RhoA, while Rac1-and Cdc42-activity remained unchanged. As the activation of RhoA is antagonized by both tenascin proteins one would expect an increase of morphological differentiation, analogous to transfection with the dominant negative RhoA-constructs mentioned above. This is clearly not the case, suggesting that additional mechanisms are involved. In this regard, the activation of integrins, Ig-superfamily members and receptor protein tyrosine phosphatase zeta (RPTPζ) might come into play that also act as tenascin-receptors (Milev et al., 1998; Rigato et al., 2002; Tucker and Chiquet-Ehrismann, 2015) . The multiple facets of tenascin-dependent signaling in oligodendrocytes are still not completely understood and need further studies.
It had been shown previously that tenascin-C inhibits OPC migration (Kiernan et al., 1996; Kakinuma et al., 2004) . In view of the role of GTPases of the RhoA family in the control of cytoskeleton-dependent motility and the regulation of the Vav3 gene by tenascin-C, we hypothesized that the latter may elicit a Vav-dependent mechanism in OPC migration control. In support of this hypothesis, Vav3 promotes proliferation and migration of vascular smooth muscle cells through activation of Rac1/PAK signaling (Toumaniantz et al., 2010) . Beyond the CNS, Vav proteins also play an important role in Schwann cells, the myelinating cells of the peripheral nervous system. Schwann cells express Vav2 that is activated by brain-derived neurotropic factor (BDNF)-dependent stimulation of the p75NTR receptor, which results in impaired migration (Yamauchi et al., 2004) . Along these lines, ephrinA5 expressed by astrocytes also inhibits the migration of Schwann cells, similarly by a mechanism that involves the activation of Vav2 (Afshari et al., 2010) . Interestingly, VAV1 is overexpressed in nontumoural astrocyte-like cells that surround tumour cells in strongly invasive high-grade glioma (Garcia et al., 2012) . Finally, evidence suggests that EphA4 signals to the downstream cytoskeleton of astrocytes via Vav proteins (Puschmann and Turnley, 2010) .
In order to investigate potential roles of Vav genes for OPC motility, we developed a migration assay to study the motility of OPCs derived from wild-type and mutant mouse lines in vitro (Pedraza et al., 2008) . This assay system allows for the assessment of OPC motility and migration speed using digital time-lapse video microscopy of oligospheres cultivated on diverse substrates in the presence of the platelet-derived growth factor PDGF (Figure 4) . The glycoprotein of the extracellular matrix laminin-1 clearly supports OPC migration, with velocities of up to 50 μm/h on average in this context.
Myelin formation
Myelination of axonal connections is of crucial importance for the efficacy of neuronal networks. Myelin may undergo plastic changes in response to physiological and pathophysiological processes (Young et al., 2013) . For these reasons, the process of myelination has been extensively studied and numerous genes involved have been uncovered (Nave, 2010; Nave and Werner, 2014) . It is well known that myelin membranes brake down during inflammatory diseases such as multiple sclerosis. The repair of myelin is a prerequisite for functional recovery in multiple sclerosis and other types of disease involving the myelin sheath (Franklin and ffrench-Constant, 2008; Franklin et al., 2012) . Earlier studies have shown that Cdc42 and Rac1 synergize in the process of myelination without affecting proliferation and differentiation of oligodendrocytes (Thurnherr et al., 2006) .
Tenascin-C prevents the activation of RhoA and interferes with cell spreading of fibroblasts (Wenk et al., 2000) . Likewise, both tenascin-C and tenascin-R impede membrane extension and morphological differentiation of OPCs in culture. Because the activation of RhoA is concomitantly prohibited by both tenascin proteins, we hypothesized that modulation of RhoA GTPases would impact on the membrane outgrowth of oligodendrocytes. Consistent with this prediction, blocking the RhoA-dependent kinase ROCK with the inhibitor Y27632 precludes the outgrowth of membranes in our system (Czopka et al., 2009 ). On the other hand, the treatment of cultures with the toxin CNF1 that irreversibly activates RhoA, Rac1 and Cdc42 results in a dramatic expansion of oligodendrocyte-derived myelin membranes in culture (Czopka et al., 2009 ). The RhoA family member responsible for this effect has not been characterized yet. CNF1 deamidates a glutamine residue in the switch 2 domain of RhoA-type GTPases and thereby locks them in an active GTP-binding state. The toxin activates RhoA as well as Rac1 and Cdc42. A well-known overarching consequence is the induction of extensive membrane ruffling of affected cells. The permanently activated GTPases are funneled to the ubiquitin pathway and finally degraded, thereby being eliminated from signaling mechanisms (Knust and Schmidt, 2010; Fabbri et al., 2013) .
It has been shown that the myelin debris-dependent inhibition of myelination can be overcome by antagonizing the Fyn-RhoA-ROCK signaling cascade (Baer et al., 2009) . Furthermore, the non-steroidal anti-inflammatory drug ibuprofen suppresses RhoA signaling and thereby promotes axonal myelination upon axonal injury (Xing et al., 2011) . Along these lines, the depletion of geranylgeranyl pyrophosphate by lovastatin inhibits Rho family functions in glial cells and promotes myelin repair (Paintlia et al., 2008) . These observations would suggest an adverse function of RhoA for myelination. On the other hand, both activation of Rac1 and RhoA promote myelination of the peripheral nervous system (Stendel et al., 2007) . Beyond these in part controversial observations, it is undisputed that RhoA family members are implicated in the unfolding of the complex myelin sheath. Therefore, it seems of interest to examine more closely the potential roles of Vav genes in the realm of myelin biology.
Myelination assays in vitro represent a versatile tool to investigate cellular and molecular mechanisms of myelin regeneration . Myelin formation can be studied in vitro either using approaches involving neuronoligodendrocyte co-cultures, or in live explant models. A mouse cerebellar explant model has been implemented, where demyelination can be induced by the addition of lysophosphatidylcholine to the culture medium (Birgbauer et al., 2004; Zhang et al., 2011) . After an exposure of 18-20 h, the medium is changed and remyelination is allowed to occur for up to 14 days ( Figure 4B ). Axons are visualized with the help of the marker neurofilament 200 whereas the reformed myelin sheath can be tagged by labeling MBP. Thereby, the remyelination process can be quantified. This system can be adapted to mouse tissue, In order to generate oligospheres, embryonic cortical tissue can be dissociated into a single cell suspension. (A) After 5 DIV in the presence of EGF, neurospheres are formed, which are then used for oligosphere generation. Therefore, FGF2 and PDGF-AA are added to the culture medium for another 7 DIV. The resulting oligospheres are used for time-lapse video microscopy analysis of oligodendrocyte precursor cell migration for 24 h. Afterwards, cellular migration can be quantified via the tracking of five independent cells to calculate the migration speed. (B) Cerebella of newborn mice are cut into 200-300 μm thick sagittal slices and placed on porous membranes. This setting allows on the one hand contact with the feeding media and on the other hand gas exchange with the environment. In order to permit an initial myelination, the slices are cultivated for 10 DIV. Subsequently, lysophosphatidylcholine (LPC) is added, which leads to the demyelination of the slices. After withdrawal of LPC, new medium is added and the slices are cultivated for further 14 DIV, which allows for remyelination of the nerve fibers. In order to analyze myelination, the explants are immunostained with the neuron-specific antibody NF200 (red) and the oligodendrocyte-specific antibody against myelin basic protein (MBP, green). Images of stained cerebellar slices are captured using laser scanning microscopy. Scale bars: 100 μm (left and middle), 200 μm (right) (A), 50 μm (B); DIV, days in vitro; EGF, epidermal growth factor; FGF2, fibroblast growth factor 2; h, hours; LPC, lysophosphatidylcholine; MBP, myelin basic protein; NF200, neurofilament heavy chain 200 kDa; PDGF-AA, platelet-derived growth factor AA.
which permits for the analysis of genetically modified mouse lines. The model will allow for testing the hypothesis that Vav -/-mice display modified remyelination behavior, as predicted. Our model will also permit to clarify whether Vav2 and Vav3 genes play distinguishable roles in this central process of oligodendrocyte biology.
Conclusions and outlook
The Vav3 gene seems to play important regulatory roles in the context of CNS development and plasticity. Concepts relating to its functions in the realm of NSPC biology, neuronal differentiation and synapse formation, oligodendrocyte differentiation, myelin sheath formation and regeneration have been developed and experimental strategies were implemented to test their validity. Both synapse integrity and axon myelination are of pivotal importance for CNS function. Future studies concerning the regulatory roles of Vav genes in these contexts may expand our understanding of CNS-disease and mental health.
